The gas-phase electronic spectra of 2-(2 0 -hydroxybenzoyl)pyrrole and 2-(2 0 -methoxybenzoyl)pyrrole have been determined using multiconfigurational perturbation theory (CASPT2). Solvatochromic spectral shifts for these molecules have been measured in cyclohexane and methanol and the electrostatic components of these shifts have been estimated using the vertical electrostatic model (VEM 4.2) developed for the configuration interaction with single excitations model implemented with the intermediate neglect of differential overlap Hamiltonian (CIS/INDO/ S2). Comparison between theory and experiment and an interpretation of the main spectral differences between the two substituted pyrroles and their solvation are presented.
INTRODUCTION
2-(2 0 -Hydroxybenzoyl)pyrrole (HBP, Fig. 1 ), a conformationally flexible aromatic system, is present as a substructure in a series of halogenated, naturally occurring 1 and synthetic 2,3 pyrroles with remarkable bactericidal activity, and in some recently synthesized cytotoxic 2-aroylindoles with promising antitumour activities. 4, 5 The O-methylation of the hydroxyl group, giving rise in HBP to 2-(2 0 -methoxybenzoyl)pyrrole (MBP, Fig. 2) , and the N-substitution of the pyrrole moiety in bioactive compounds structurally similar to HBP and MBP were shown to reduce the antibiotic activity while their cytotoxic action still operates. 6 On the other hand, the presence of a free OH group has some noticeable effects on the physical behaviour of these benzoylpyrroles. In fact, although chemically pure HBP is a yellow crystalline substance, its O-methyl derivative MBP is white; the same contrast is observed for their solutions in both polar and non-polar solvents. In a previous paper 7 we investigated the tautomeric and conformational equilibria of HBP and MBP using quantum chemical methods. We also determined their infrared spectra both experimentally and theoretically. In this work, we focus on the electronic spectra of HBP and MBP to evaluate the extent to which chemical substitution and solvation effects influence the positions of various absorption maxima (the latter phenomenon typically is referred to as solvatochromism). The prediction of electronic excitation spectra can be a challenging task from a methodological standpoint and we assess the degree to which particular computational models are effective in the HBP and MBP systems. From a drug design standpoint, accurate prediction of UV-Vis spectra could prove useful for the engineering of improved photostability into effective pharmacophores, which is an economically important goal.
COMPUTATIONAL METHODS
The complete active space (CAS) SCF method 8 was used to generate molecular orbitals and reference wave functions for subsequent multiconfigurational second-order perturbation calculations of the dynamic correlation energy (CASPT2). [9] [10] [11] The active space was composed of 12 active electrons in 12 active orbitals. These orbitals include the five highest and the five lowest * orbitals that are delocalized on the pyrrole ( Py ) and phenyl ( Bz ) moieties and on the carbonyl group ( CO ). The lone-pair orbital localized on the oxygen of the carbonyl group (LP CO ) and a second orbital (LP CO *), which reduced a serious intruder state problem, were also considered. The active molecular orbitals for HBP are shown in Fig. 3 . Some residual intruder states were still present but it was not possible to extend the active space further due to the size of the molecule and the absence of any symmetry that would reduce the computational effort. In any case, the agreement with experiment did not appear to be compromised by the remaining intruder states.
The molecular orbitals were optimized for the first six singlet states in a State-Average CASSCF calculation. The excitation energies then were computed at the CASPT2 level of theory. The CASSCF wavefunctions, combined with the CASPT2 excitation energies, were used to estimate the oscillator strengths of the excitations. Generally contracted basis sets of atomic natural orbital (ANO) type were used with the contraction scheme 3s2p1d on C, N and O and 2s1p on H. 12 The CASSCF/ CASPT2 calculations were performed using the software MOLCAS-6.0. 13 Electrostatic components of solvation free energies were computed from generalized Born (GB) quantum mechanical self-consistent-reaction-field (SCRF) calculations 14 for both the ground and excited states. Groundstate wave functions were determined from Hartree-Fock calculations with the semi-empirical intermediate neglect of differential overlap 15 Hamiltonian INDO/S2. 16 Excited-state wave functions were computed with the same Hamiltonian from configuration interaction calculations including single excitations (CIS). 15 The groundand excited-state charge distributions were expressed as a monopole expansion of partial atomic charges (Charge Model 2-CM 2 16, 17 ) that were then used in the GB calculations. For the ground states, SCRF calculations using Solvation model 5.42 (SM 5.42 18 ) were fully equilibrated to the solute charge distribution, whereas for the excited states the vertical electrostatic model 4.2 (VEM 4.2 19 ) was used. The two-response-time VEM 4.2 model separates the slow and fast components of the solvent dielectric response to reflect properly the vertical nature of the electronic excitation. The INDO/S2 calculations were performed using the software ZINDO-MN. 20 All geometries were optimized at the hybrid Hartree-Fock density functional level of theory 21 with the exchange functional of Becke 22 and the gradient-corrected correlation functional of Lee, Yang and Parr 23 (B3LYP). The polarized 6-31G(d,p) basis set 24 was used. The optimizations were performed using Gaussian 98 software. 25 Figures 1-3 and 5 were obtained with the MOLDEN program. 26 
RESULTS AND DISCUSSION
In our previous study 7 three isomers of HBP were investigated but a single structure was found to dominate at equilibrium ( Fig. 1 ) because the other two structures were >80 kJ mol À1 higher in energy. We decided to consider only this structure in the present study. Five conformers of MBP were investigated but two were too high in energy (>8 kJ mol À1 ) to be present in significant concentration at 298 K. We thus considered only three conformers of the O-methyl derivative in this study (MBP-1, MBP-2 and MBP-3 in Fig. 2) . At the CASPT2 level, MBP-2 and MBP-3 lie 4.1 and 5.2 kJ mol À1 above MBP-1, respectively. From these relative energies, the following relative concentrations at 298 K can be estimated: 76% for MBP-1, 15% for MBP-2 and 9% for MBP-3.
The most important geometrical parameters for the various structures are reported in Figs 1 and 2. Two main differences between HBP and MBP appear: the presence of an intramolecular hydrogen bond in HBP, which is absent in the MBP isomers, and reduced coplanarity between the carbonyl group and the phenyl group in the MBP isomers (the CCCO dihedral angle is 43-47 ) compared with HBP (the CCCO dihedral angle is 15 ), presumably due to the presence of the methyl group.
The experimental spectra ( Fig. 4 ) of HBP and MBP recorded in cyclohexane (C 6 H 12 ) and methanol (CH 3 OH) were reported in our previous work. 7 The experimental spectrum of HBP in C 6 H 12 presents a broad band with two maxima at ca. 3.58 eV (346 nm) and 3.99 eV (311 nm) and a narrow band with a maximum at ca. 4.79 eV (259 nm). The spectrum of MBP in C 6 H 12 presents a band with a maximum at ca. 4.27 eV (290 nm) and a shoulder at ca. 5.00 eV (248 nm). Although the spectrum of HBP in CH 3 OH is similar to that in C 6 H 12 , the spectrum of MBP shows a clear red shift in going from C 6 H 12 to CH 3 OH: the band with the maximum at 4.27 eV (290 nm) occurs instead at 4.13 eV (300 nm) and the shoulder at 5.00 eV (248 nm) is shifted by 6 nm (254 nm).
Results from CASPT2
In Tables 1-4 the vertical excitation energies and oscillator strengths for the first five singlet excited states are reported. The nature of the transitions was established from analysis of the electron charge transfer from the pyrrole and the hydroxybenzoyl (methoxybenzoyl) moieties towards the carbonyl group and the changes of the molecular orbital occupations in the excited states compared with the ground state. For all species, vertical CASPT2 excitation energies are in an energy range of 3.5-5 eV above their ground states.
Inspection of Tables 1-4 shows that the LP CO ! CO * transition has a low intensity in every case. It occurs at 3.95 eV (314 nm) in HBP and at 3.82-3.87 eV (325-321 nm) in the MBP conformers, and corresponds to the typical n ! CO * dipole-forbidden transition of carbonyl systems, e.g. formaldehyde (3.91 eV at the CASPT2 level) 27 and acetone (4.18 eV). 28 The vertical transition in malonaldehyde, which is also an unsaturated carbonyl system and presents the same type of intramolecular hydrogen bond as HBP, is estimated at 3.89 eV at the same level of theory. 29 In the MBP conformers this transition is 0.1 eV lower than in benzaldehyde (3.71 eV at the CASPT2 level). 30 The first intense transition (f ¼ 0.3), of Bz ! CO * type has been calculated at 3.53 eV (351 nm) in HBP and corresponds to the maximum at 346 nm of the broad band of the experimental spectrum in C 6 H 12 (Fig. 4) . The structurally similar o-hydroxybenzaldehyde species has an absorption band measured at 3.9 eV (330 nm) in 3methylpentane, 31 which is the analogue of the band at 346 nm of HBP. The CASPT2 calculations on o-hydroxybenzaldehyde 32 predict this band to occur at 3.74 eV (332 nm). The presence of the pyrrole ring in HBP is thus responsible for the smaller transition energy than that found for o-hydroxybenzaldehyde.
In the three conformers of MBP, the Bz ! CO * transition has been computed ca. 1 eV higher than in HBP: 4.39 (282), 4.47 (277) and 4.55 eV (273 nm), respectively, with a lower intensity ( f < 0.04). This difference between HBP and MBP is also present in the experimental spectra ( Fig. 4) : the band at 346 nm for HBP is absent in the MBP spectrum. This difference can be explained by looking at the changes in the molecular orbital (MO) occupations that occur upon transition in the two species. All transitions are single-electron excitations from some doubly occupied MOs mainly to the CO * orbital. However, in the excited states of the MBP isomers there is considerable occupation of a Bz * orbital (0.35-0.44) compared with the same excited state of HBP (<0.1), therefore the transition has some character of 'internal' benzene excitation, which is responsible for the 33 This behaviour could be due to the reduced coplanarity (and thus reduced conjugation) of the phenyl ring with the pyrrole and the carbonyl moieties, as noted above. A second Bz ! CO * transition has been found at higher energy: 4.75 eV (261 nm) for HBP, which corresponds to the low band observed in solution at 259 nm; and 4.9-5.1 eV (253-243 nm) for the MBP isomers with similar intensities, which corresponds to the 248 nm shoulder in solution. In the latter case the blue shift is only 0.25 eV and the populations of the Bz * orbital in both the HBP and MBP isomers are similar.
In addition, two Py ! CO * transitions have been computed. In HBP, the first one occurs at 4.00 eV (310 nm) and corresponds to the maximum at 311 nm of the broad band in solution, whereas the second one is at 4.45 eV (278 nm). In the MBP conformers these two transition are computed at 4.31-4.52 eV, corresponding to a weighted average of 284 nm, and 4.42-4.58 eV (average ¼ 278 nm) respectively, and their intensities are about twice the intensity in HBP. Together, they correspond to the intense band at 290 nm in solution, which is consistent with an observed absorption for 2-acetylpyrrole at 4.20 eV (287 nm). 34 All transitions, with the exception of the first Bz ! CO *, show a blue shift of ca. 0.1-0.4 eV in going from HBP to the MBP isomers. This is rationalized again in terms of the reduced coplanarity of the phenyl ring with the carbonyl group. The reduced coplanarity mitigates conjugation of the phenyl orbitals with the CO * orbital of the carbonyl group and thus the stabilization of the latter antibonding orbital. As a result, the energy of the CO * orbital is 1.6 eV higher in the MBP isomers than in HBP. All transitions to this orbital thus occur at higher energy in the MBP isomers than in HBP.
Solvent effect
In order to estimate the solvent effects on the spectra, CIS/INDO/S2 calculations have been performed. At the DFT optimized geometries, the lowest six electronic states of HBP and the most stable conformer of MBP, MBP-1, have been calculated in the gas phase and in cyclohexane solution. Analogous calculations have been done for HBP and MBP-1, both with and without two explicitly coordinated methanol molecules in methanol solution. The structures of the supermolecular systems HBP þ 2 MeOH and MBP-1 þ 2MeOH (Fig. 5) were optimized previously at the DFT/B3LYP level of theory. The results of these calculations have been summarized in Tables 5-10. The excitation wavelengths of HBP in the gas phase, cyclohexane and methanol are reported in Table 5 together with the dipole moments of each state. In going from gas to both solvents, the LP CO ! CO * transition undergoes a blue shift whereas the intense Bz ! CO * and Py ! CO * transitions undergo a red shift. These changes are consistent with the nature of the polarities of the various excited states as measured by their dipole moments. In particular, the LP CO ! CO * states have dipole moments smaller than the ground state, but all of the Bz ! CO * states have dipole moments larger than the ground state. For each set of states, the solvatochromic effect is larger for methanol than for cyclohexane because of the larger dielectric constant of the alcohol (32.6) compared with the alkane (2.0).
The excitation wavelengths for the HBP þ 2MeOH system in gas and in methanol are reported in Table 6 . In going from gas to methanol, the energy of the LP CO ! CO * transition does not change whereas the Bz ! CO * and Py ! CO * transitions undergo a small red shift. Similar data for MBP-1 are reported in Tables 7 and 8 .
The changes associated with computing solvatochromic effects in methanol using either isolated or microsolvated solutes are small, suggesting that it is reasonable to make a comparison between cyclohexane and methanol from purely continuum calculations. As a best esti-mate, then, to a prediction of the absorption maxima in solution, we have added the VEM 4.2 solvatochromic shifts to the CASPT2 gas-phase results; these data are provided in Tables 9 and 10 and are shown as bars in Fig. 4 . The longest wavelength ! CO * transition in HBP is predicted to occur 1 nm more to the blue in methanol compared with cyclohexane, which is consistent with the experimental spectrum that shows a very slight red shift for cyclohexane compared with methanol. The longest ! CO * wavelength transition in MBP-1, on the other hand, is predicted to be shifted 3 nm more to the red in methanol compared with cyclohexane, and this again agrees with experiment, although the magnitude of the predicted shift is smaller than the 10 nm observed experimentally. The LP CO ! CO * and Bz ! CO * transitions basically remain unchanged for HBP (Table 9 ) whereas the Py ! CO * transitions red-shift by ca. 10 nm from gas to cyclohexane and by 3 nm from gas to methanol. In going from cyclohexane to methanol a blue shift of 7 nm occurs. In the MBP-1 case (Table 10) , in going from cyclohexane to methanol, a blue shift of 4 nm occurs for the lowest Bz ! CO * transition whereas all the other transition have small red shifts.
It is noteworthy that for certain excitations the solvatochromic shift for methanol is slightly more than twice what is predicted for cyclohexane, whereas in other cases the two solvents are predicted to have essentially equivalent solvatochromic shifts. This reflects the need to separate the solvent response into two components. The fast component, which involves the electronic response of the solvent, is essentially equivalent for cyclohexane and methanol and depends on the solvent index of refraction, which is 1.43 for cyclohexane and 1.33 for methanol, i.e. equivalent to within 7%. The slow component, on the other hand, which is frozen on the time scale of a vertical excitation, depends on the solvent dielectric constant. As noted above, the two solvents are substantially different with respect to this latter property. To a first approximation, then, if an excitation does not change the component of the solute dipole moment that is aligned with the slow component of the solvent reaction field, then one expects cyclohexane and methanol to exhibit a similar solvatochromic influence acting exclusively through their fast Table 5 . The ZINDO excitation wavelengths, oscillator strengths (f) and dipole moment () a for HBP in the gas phase (gas), in cyclohexane (C 6 H 12 ) and in methanol (MeOH), respectively response. Conversely, when a significant change in the solute charge distribution relative to the frozen component of the solvent reaction field occurs, one expects the two solvatochromic effects to differ by approximately (" À 1)/" (the Born prefactor for the polarization free energy), and this is roughly a factor of 2 for cyclohexane versus methanol. 19 
CONCLUSIONS
The electronic spectra of HBP and three isomers of MBP have been computed using multiconfigurational perturbation theory and they are in good agreement with the experimental spectra. The differences in the spectra of HBP and MBP with respect to the position and intensity of the various bands have been interpreted in terms of different molecular orbitals and energies involved in the excitations. In the MBP conformers, reduced coplanarity of the phenyl moiety with the carbonyl group increases the character of the Bz ! Bz * component of the relevant transition, resulting in a strong blue shift and a reduction of the oscillator strength. In HBP, on the other hand, the coplanarity of the two moieties lowers the energy of the CO * orbital and results in a red shift for all transitions with respect to the MBP conformers. The hydrogen bond in HBP is mainly responsible for the coplanarity of the systems and strongly influences its spectroscopic behaviour. In MBP, on the other hand, the methyl group is an obstacle to coplanarity. For these reasons, the tail of the absorption band of HBP estimated at 3.53 eV is responsible for the yellow colour, whereas none of the MBP conformers show any absorption in the visible range of the spectrum.
Solvatochromism is predicted to red-shift all of the low-energy strong ! CO * transitions in HBP and MBP because of the larger dipole moments of the excited states than the ground state. Differential effects for methanol compared with cyclohexane associated with the larger dielectric constant of the former are relatively small but are in qualitative agreement with the trends observed in the experimental spectra. Table 7 . The ZINDO excitation wavelengths, oscillator strengths (f ) and dipole moment () a for MBP-1 in the gas phase (gas), in cyclohexane (C 6 H 12 ) and in methanol (MeOH), respectively 
